Shaking table tests are carried out to investigate the nonlinear oscillation of a floating roof in a cylindrical tank under liquid sloshing.
where the oil surface was directly exposed to the air. Common to all the damaged tanks is that the floating roof is of single-deck type composed of an inner deck with relatively small bending stiffness and an outer pontoon with relatively large stiffness.
Around the pontoons of the submerged roofs, the damage due to local buckling can be observed. The Hazardous Materials Safety Techniques Association 2) reported that the damage was caused by nonlinear effects due to the finite liquid surface elevation as well as the membrane action accompanied by large deflection of the deck. Until recently, only a limited number of papers have been published on sloshing of the floating-roofed liquid storage tank even within the framework of linear potential theory 4)-7) . Utsumi and Ishida 8), 9) proposed a Galerkin approach to solve the nonlinear governing equations of the coupled liquid-floating roof system in a cylindrical tank, and pointed out the possibility that the bi-harmonic resonant oscillation with the numbers of circumferential waves 0 and 2 due to the finite liquid surface elevation induces large stresses in the pontoon. Utsumi and Ishida 10) and Goudarzi 11) proposed the simplified approach for calculating the shrinkage of the deck plate due to second sloshing mode, which may generate large stresses in the pontoon 2) .
Yamamoto and Minagawa 12) applied the ALE finite element method to investigate the sloshing behavior in a floating-roofed cylindrical tank, and suggested that the nonlinear oscillation mode with the number of circumferential waves 3 due to large deflection of the deck produces large stresses in the pontoon. 14) proposed a hybrid analytical and FE method which is computationally more efficient to solve the nonlinear sloshing problem for a floating-roofed cylindrical tank. They confirmed the occurrence of nonlinear oscillation modes suggested by Utsumi and Ishida 8), 9) , and Yamamoto and Minagawa 12) , and concluded that the empirical formulas regulated in the amended Notification of the Fire Defense Law 3) underestimate the pontoon stresses significantly due to overlooking some of these nonlinear oscillation modes. The occurrence of these nonlinear oscillation modes can also be observed in the model tests performed by Ida et al. 15) , Nishi et al. 16) , and Nagaya and Matsui 17) . However, because of the difficulty in detecting the nonlinear oscillation modes of very small quantity, it was hardly possible to obtain the experimental data which are usable to validate the theoretical prediction.
In the present paper the improved results of shaking table tests are reported and compared with the nonlinear solutions based on the hybrid analytical and FE method 13), 14) . Figure 3 shows the time histories of acceleration and the corresponding velocity response spectra of the target and generated ground motions used in the experiment.
It can be observed that the target wave is generated on the shaking table with reasonable accuracy over the whole range of periods.
Time history analysis is performed using the acceleration record measured on the shaking table as input ground acceleration (sampling period: 0.001s; duration time: 40s). The stiffness-proportional damping is assumed using the measured damping ratio for the fundamental sloshing mode given later.
The analysis is based on the hybrid analytical and FE method proposed by Matsui and Nagaya 13), 14) , where the liquid motion is represented as the superposition of analytical modes that satisfies the tank wall and bottom conditions, while the liquid surface as well as the floating roof are discretized using FE modeling. The lowest 5 modes are adopted both in the radial r and circumferential directions to represent the liquid motion. 
The corresponding free-oscillation mode can be obtained from the amplitude ratio of least-square fitted free-oscillation curve at each reference point. As the fundamental sloshing period lies within the dominant period range of the input ground motion (see Fig.3 ), the maximum displacement amounts to as high as 60mm at Point A.
Natural period T
1.485s
Damping ratio h 0.00202 In the present case corresponding to a tank of 30,000m 3 capacity, the contribution of the resonant oscillation in the （2014 年 11 月 10 日原稿受理，2015 年 1 月 9 日採用決定）
